New measurements of the beam normal single spin asymmetry in the electron elastic and quasielastic scattering on the proton and deuteron, respectively, at large backward angles and at hQ 2 i ¼ 0.22 ðGeV=cÞ The exchange of two hard virtual photons in the elastic electron-nucleon scattering beyond the one-photon exchange Born approximation has been the subject of recent investigation [1, 2] . Two complementary methods, a determination from a measurement of a differential cross section using unpolarized electrons (Rosenbluth separation) and the measurement of the polarization transfer to the proton final state, gave significantly different results for
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The two-photon exchange has been addressed as the explanation for such a discrepancy. Other observables in which the two-photon exchange physics plays a role are: neutron form factors, resonance electroproduction, the pion form factor and the elastic electron-nucleus cross section, in particular deuteron and 3 He [1] . The exchange of two virtual photons implies the excitation of nucleon intermediate states offering the possibility of testing models of hadronic structure [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . In contrast to previous measurements at forward [23, 24] and close to right angles [25] , the A4 measurements presented in this work have been performed at large backward angles. The A4 measurements explore a new important parameter region of the virtualities of the exchanged virtual photons, involved in the theoretical calculation of the nucleon intermediate states, see Fig. 2 from Ref. [11] . Moreover, in contrast to the SAMPLE measurement [26] , at similar backward scattering angle, the A4 measurements have improved the precision by a factor ∼4. The A4 measurements have been performed at larger beam energies, probing the πN and Δ resonance inelastic intermediate states.
The two-photon exchange physics affects the parity violating asymmetry through the normalization to the electromagnetic amplitude [27] and it is of special relevance in precision measurements of the weak charge of the proton at low Q 2 like Q weak [28] and P2 [29] . It is also useful in the theoretical determination of the γZ box diagrams which also takes part in the proton weak charge radiative corrections [30] [31] [32] [33] .
Two-photon exchange effects can be observed in radiative corrections to the cross section, the ratio in e − p and e þ p elastic scattering cross sections, the depolarization tensor, and the target and beam normal single spin asymmetries [34] [35] [36] [37] [10] . There are also partonic calculations which resort to generalized parton distributions of the nucleon and are able to resolve the discrepancy at large Q 2 [12, 16] . The T-odd observables target and beam normal spin asymmetries arise from the interference of the one-photon and two-photon exchange amplitudes, see Fig. 1 in Ref. [39] . The target normal spin asymmetry depends on the imaginary part ofG E ,G M , andF 3 while the beam normal spin asymmetry depends on the imaginary part of F 3 ,F 4 , andF 5 [11, 40] . These asymmetries are zero in the Born approximation. They are proportional to the fine structure constant α. For the beam normal spin asymmetry A ⊥ there is an additional suppression of the electron polarization by a factor 1=γ. It would be zero in the limit of massless electrons. A ⊥ is therefore of the order 10 −5 for a beam energy less than 1 GeV. The measurement of A ⊥ is so far the only measured observable to access the imaginary part ofF 4 andF 5 . Moreover, it allows for a test of models of the excitation of the intermediate state in the double virtual Compton scattering on the nucleon.
The first measurement of the SAMPLE experiment of A ⊥ in the elastic electron-proton scattering is at backward angles at Q 2 ¼ 0.1 ðGeV=cÞ 2 [26] . There are more recent measurements of the A4 experiment at forward angles at Q 2 ¼ 0.11; 0.23 ðGeV=cÞ 2 [39] with hydrogen, the G0 experiment at Q 2 ¼ 0.15; 0.25 ðGeV=cÞ 2 at forward angles angles with hydrogen [23] , and at Q 2 ¼ 0.22; 0.63 ðGeV=cÞ 2 at backward angles with hydrogen and deuterium [25] , the measurements of Happex at GeV energies, which include besides the hydrogen target heavier nuclei [24] , and the preliminary measurements of the Q weak experiment in the elastic electron-proton scattering and in the inelastic scattering on hydrogen, aluminum, and carbon [41] . There is a very recent measurement of the A1 experiment at MAMI of A ⊥ in the reaction 12 Cð ⃗e; e 0 Þ 12 C [42, 43] . In this Letter we present the measurements of the A4 experiment at backward angles hθi ¼ 145°and beam energies E ¼ 315 and 420 MeV, corresponding to Q 2 ¼ 0.22 and 0.35 ðGeV=cÞ 2 , respectively, with both hydrogen and deuterium targets.
The beam normal spin asymmetry is defined as
where σ ↑ð↓Þ refers to the cross section with the spin of the electron parallel (antiparallel) to the vector
pendicular to the scattering plane. In the experimental configuration the polarization vector ⃗ P is perpendicular to the beam direction and it is contained in the horizontal plane, see Fig. 2 in Ref. [39] . A ⊥ reaches a maximum when the scattering plane is perpendicular to ⃗ P (φ ¼ π=2) and it is zero when the scattering plane contains ⃗ Pðφ ¼ 0Þ. A ⊥ is azimuthally modulated, see Fig. 1 :
The cosine modulation on the azimuthal angle and the minus sign are determined by the coordinate system of the detector and the direction of the polarization of the electron beam, see Fig. 2 in Ref. [39] .
The A4 experiment [39, [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] at the MAMI microtron facility uses a transversely polarized electron beam of 20 μA to measure A ⊥ . Details of the experimental setup can be found in Ref. [39] . The electron beam source generates longitudinally polarized electrons from a superlattice photocathode illuminated by a circularly polarized laser beam. A Mott and a Mø ller polarimeter are used once a week to measure the polarization of about 80%. The spin direction is adjusted using a Wien Filter. The spin direction is flipped using a Pockel cell with a frequency of 50 Hz. The spin flip is produced randomly according to the patterns þ−−þ and −þþ−. A λ=2 wave plate is inserted and removed every week of data taking, in order to suppress systematic effects and to check the correct change of sign of the experimentally observed asymmetry. The energy resolution allows us to separate elastically from inelastically scattered electrons. It covers the polar angle interval ½140°; 150° in the backward angles configuration. In front of the calorimeter 72 plastic scintillators are installed to discriminate neutral and charged particles. At backward angles the energy of the scattered electrons is smaller than at forward angles so that the (quasi)elastic peak is hidden by the background of neutral particles. The detector has a dead time of 20 ns. The events are registered by fast electronics and four histograms are generated: the energy spectra of neutral and charged particles for each polarization state.
The number of counts for each polarization state are obtained integrating under the elastic and quasielastic peak, for the H 2 and D 2 target, respectively, between a lower cut value and an upper cut value. The asymmetry in the number of counts ðN 
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012501-2 background and its asymmetry have been determined from the measured spectrum of neutral particles with high precision. The method for the neutral background correction has been described in detail in Refs. [51, 53] . The extracted asymmetries are cross section weighted averaged over the five inner rings (polar angle). Then they are averaged over the whole sample of five-minute runs for each λ=2-wave plate data set. And finally, they are error weighted and averaged for each λ=2-wave plate data set, changing the sign of the asymmetry for the "in" sets. The result is A ⊥;i as a function of the slice (azimuthal angle φ).
A ⊥;i exhibits the expected sinusoidal modulation, see Fig. 2 . The function −A cosðφ þ δÞ þ p is fitted to the sample of A ⊥;i . The phase δ and the offset p yield values compatible with zero. The final value of the asymmetry is obtained averaging the amplitude of the asymmetry for each slice hA ⊥;0 i ¼ hA ⊥;i = cos φ i i. The average over the cosine modulation increases the errors by a factor ∼ ffiffi ffi 2 p . The asymmetry has also been corrected from the background of quasielastic scattering in the nuclei of the aluminum windows, whose asymmetry has been calculated from the theoretical A p ⊥ and A n ⊥ , assuming the static approximation [11, 14, 54] and from the background of random coincidence events, whose amount and asymmetry are estimated from the spectrum of neutral particles. There is a background from the elastic scattering on the deuteron for the deuterium data. Its amount is 0.3% and 0.1% for the beam energies 315 MeV and 420 MeV, respectively. Its effect has been neglected. A ⊥ has also been corrected for the false asymmetry from helicity correlated differences in the energy, position, angle, and current of the electron beam as well as for the target density fluctuations. Table I shows an example of the budget of systematic corrections and errors for the data with H 2 target and energy 315 MeV.
As a systematic test it is verified that A ⊥ changes sign for the samples, where the λ=2 wave plate has been inserted.
The measured A ⊥ at the mean angle hθi ¼ 145°for the hydrogen target and deuterium are as follows.
At the beam energy 315 MeV, corresponding to Figure 3 shows the comparison of the measurements with the theoretical expectations [11, 54] . The theoretical calculation involves the absorptive part of the doubly virtual Compton scattering tensor of the nucleon. The intermediate state has been calculated using the phenomenological pion electroproduction amplitudes γ Ã N → X, where X ¼ πN, Δ, using the isobar model MAID [55] . The theoretical calculation has been done for the proton and neutron. We have combined the calculations of A p ⊥ and A n ⊥ assuming the static approximation, with a cross section weighted average, to compare directly with the experimentally observed A d ⊥ . The calculated A p ⊥ and A n ⊥ exhibit opposite sign since at backward angles the asymmetry is approximately proportional to the nucleon magnetic magnetic moment [11] . The agreement of the theoretical calculation A p ⊥ with the measurement confirms the predominance of the inelastic intermediate states of the nucleon, which include the πN and the Δ resonance intermediate states. The calculation for the deuteron is slightly smaller than the measurements. Since the calculation for the proton agrees with the measurements, it is reasonable to expect that the calculation for the neutron is also valid. Under this assumption, the small deviation of the deuteron calculation and the deuteron measurements could be interpreted as a hint of the reliability of the static approximation. The measured A p ⊥ by SAMPLE [26] at a beam energy 200 MeV is larger (more negative) than the theoretical calculation. At this energy the elastic and inelatic contribution are of opposite sign and the inelastic contribution is small, since it incorporates only intermediate states at the pion production threshold [11] . At beam energies of 315 MeV and 420 MeV, the A4 measured asymmetries are much larger. At these beam energies the elastic contribution is negligible and the magnitude of the asymmetry is driven by the inelastic intermediate states [11] .
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In conclusion the A4 measurements of A ⊥ at backward angles demonstrate the reliability of the theoretical calculations of Pasquini et al. [11] . They are the first at large backward angles and at high beam energies and Q 2 , allowing access to πN and to the Δ resonance intermediate PRL 119, 012501 (2017) P H Y S I C A L R E V I E W L E T T E R S week ending 7 JULY 2017 states and extending the parameter region of the exchanged photon virtualities, see Fig. 2 from Ref. [11] . Further measurements of the A4 experiment at forward angles and different Q 2 are under analysis and will provide more data for the comparison at different kinematics.
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